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Abstract 
 
Nowadays, cold-formed thin-walled structural members cover a wide range of 
applications, being indispensable to most current industries. One important application is the 
use of cold-formed profiles for pallet racks for storage systems. As the industries are 
developing rapidly, the demand of storage systems is bigger every day. 
Due to the high competition among rack manufacturers, efficient and accurate 
methods of determining the load carrying capacity of the rack structures are required. These 
methods have to be in accordance with the specified codes and regulations of the country 
where the pallet rack will be in service. 
The problem, which this paper is approaching, is the behaviour of pallet rack upright 
frames subject to compression. The purpose of the project is to compare design 
calculations performed according to the European methods and North-American methods, 
and experimental tests performed at Escola Tècnica Superior d’Enginyeria Industrial de 
Barcelona. The experiment was requested by the Rack Manufacturers Institute. According 
these results, an efficient method can be chosen and developed for analyzing racks. 
An important aspect of these types of structures is the failure mode and the types of 
buckling modes that occur in the columns. The thesis contains a brief presentation of the 
experiments that the project is based on, details about the software analyses performed in 
different programs: Consteel, Ansys-Mechanical APDL, CUSFM and CUTWP. The models 
used in the software analyses were carefully studied, in order to get a model that leads to 
ultimate load predictions similar to those obtained in the experimental tests. Different 
analytical analyses methods done according to the Eurocode and AISI will appear, 
accompanied by numerical examples, explanations, comparisons and discussions.  
By the end of this paper, a rack designer or manufacturer can choose the optimal 
solution for his problem, depending on his needs, the country for which the storage system 
is designed for. 
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1. INTRODUCTION   
Cold-formed thin-walled steel profiles can be used as storage pallet racks. They are 
highly solicited these days, as being lightweight, economic and time saving when it comes 
to fabrication, transportation and assembling.  
These types of storage systems consist of a series of upright-frames (Fig. 1-1) 
provided with horizontal and diagonal bracings on the cross-aisle (transverse) direction, 
connected by beams on the down-aisle (longitudinal) direction, carrying the store units.  
 
Figure 1-1 : Typical steel storage pallet rack [1] 
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1.1 Origin of the project 
The project started as collaboration with RMI in order to determine the 
characteristics of a pallet rack upright frames subject to compression. 
In the project the focus will be on the cross-aisle frames (Figure 1.1-1), analysing 
two models, each with different types of perforated C shaped columns: 2.99x3x0.07inch and 
2.99x3x0.105inch. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1-1: 3D model of a pallet rack upright frame 
 
1.2 Motivation 
The study of pallet racks started as a collaboration between Escola Tècnica 
Superior d’Enginyeria Industrial de Barcelona and T. Peköz, professor at Cornell University. 
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The experiment demanded by RMI with the collaboration of MECALUX S.A., which began in 
2015, was an opportunity to involve myself in this field. Because research in this branch is at 
the beginning, the motivation to be a part of this project grew. 
1.3 Objectives of the project 
The purpose of the following thesis is to find and develop a simple and universal way 
of analyzing a pallet rack upright frame subject to compression, according to the codes of 
the country where the storage rack will be in service. The procedures tested in the following 
paper will be useful not only for racks, but for all thin-walled cold-formed steel elements 
subject to compression. The aim is to improve the efficiency of the structural design. 
The software used is Consteel, Ansys – Mechanical APDL, CUFSM and CUTWP. 
All the calculations and methods applied in the paper are according to an experiment 
developed at the university in July 2015, following the regulations of North – American 
standards. The behavior of the models will be analyzed, considering the influence of 
buckling and the main failure modes. The analytical results will then be compared with the 
experimental ones. 
 
1.4 Scope of the thesis 
The thesis focuses on finding the best method of analysing pallet racks, the easiest 
way of doing this, and choosing the optimum software to help the designer. As most 
software is “not ready” to work with the types of elements tested in the experiment and 
elements used by most rack manufacturers, one of the purposes are to adapt the results 
given by the programs.  
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2. DESIGN PROCEDURES INVESTIGATED   
2.1 Generalities  
The project is based on an article written by C. Bernuzzi [1], using different design 
approaches. Three of them are done according to European standards [2], [3], [4]. The first 
one applied is the Rigorous Analysis Method, the second is the Direct Analysis Method, and 
the last European approach is the General Method. Other three approaches are done 
according to the North-American standards ([5], [6], [7]) :Direct Analysis Method, Effective 
Length Method and the Simplified Effective Length Method. 
 
2.2 Review on the experiment 
2.2.1 Background 
This paper is elaborated following the data and the results from three types of 
experiments that were carried out at Escola Tècnica Superior d’Enginyeria Industrial de 
Barcelona: a stub column compression test, a braced frame compression test and a 
compression-tension test on joints. Each type of experiment was made for two types of 
perforated columns: C2.99x3x0.07 and C2.99x3x0.105. During this thesis, the frame 
containing the columns with the section C2.99x3x0.07 will be referred to as 
Column2.99x3x0.07in; and the frame which have the column with the section 
C2.99x3x0.105 will be referred to as Column2.99x3x0.105in. 
 Due to the fact that data regarding these experimental tests is confidential, the 
thesis will contain only brief information about them. 
2.2.2 Stub column compression test 
The purpose of the stub column test is to analyze how perforations and local 
buckling influence the resistance of a short column to compression. 
The Tests have been carried out according to the section 9.2 of the RMI, MH16.1: 
2008 (American National Standard) Specification for the Design, Testing and Utilization of 
Industrial Steel Storage Racks.  [8], [9]. 
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Experimental arrangement: 
 
              Figure 2.2.2-1: Example of an experimental arrangement of the stub column. 
The main results of the experiment are: 
Capacity reduction factor for Column C2.99x3x0.07inch: Q = 0.643 (mean value of 3 tests) 
Capacity reduction factor for Column C2.99x3x0.07inch: Q = 0.928 (mean value of 3 tests) 
 
Pua stub is the average of the experimental ultimate compressive strength. 
Anet min is the minimum cross-sectional area with the real thickness. 
Fy is the actual yield stress of the steel sheet. 
2.2.3 Frame compression tests 
 The tests have been carried out according to the section 9.2 of the RMI, MH16.1: 
2008 (American National Standard) Specification for the Design, Testing and Utilization of 
Industrial Steel Storage Racks.  [10], [11] 
Experimental arrangement. 
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 Figure 2.2.3-1: Example of an experimental arrangement of the frame. 
The main results of the test are: 
Ultimate load for Column 2.99x3x0.07in: Fmax = 83537N (mean value of 3 tests) 
Ultimate load for Column 2.99x3x0.105in: Fmax = 127397N (mean value of 3 tests) 
2.2.4 Stiffness tests on joints 
The results from these tests were used to determine the stiffness of the joints. Two 
different types of tests were carried out. In the first one, the experimental arrangement was 
at 90 degrees, corresponding to the horizontal bracings and in the second one, the 
experimental arrangement was at 45 degrees, corresponding to the diagonal bracings.  
 
Experimental arrangement for horizontal bracing and diagonal bracing: 
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      Figure 2.2.4-1: Example of an experimental arrangement of the joints for: 
a) horizontal bracing      b) diagonal bracing 
Only the results relevant for the present investigation are shown. The main results of 
the tests are: 
 Results for Column 2.99x3x0.07in  
khorizontal = 6.678 kN/mm – tension test 
kdiagonal = 6.808 kN/mm – compression test 
 Results for Column 2.99x3x0.105in  
khorizontal = 16.547 kN/mm – tension test 
kdiagonal = 16.83 kN/mm – compression test 
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2.3 Literature review 
The methods approached in this project were proposed in the article written by 
Claudio Bernuzzi “European and United States approaches for steel storge pallet rack 
design” (2015) [1]. The paper presents a study done on pallet racks with boxed cross-
sections, mentioning methods of determining the section effective properties, verification 
rules and types of analyses, followed by practical applications and comparisons in a 
companion paper [14]. Inspired by his work, the goal is to improve these methods and to 
adapt them, following the conditions imposed by the European and US standards. 
 The orientation of the cross section axes, according to the European and the 
American standards, are the following: 
 
         Figure 2.3-1: Position of the cross section axes according to: 
  a) EU standards            b) US standards 
2.3.1 Review on the European Approaches 
For the European approaches three methods were studied, for each one applying 
different types of analyses, so in the end the designer can choose the most accurate one, 
and the one that can simulate better the real behavior of the structure.  
 The methods applied are the Rigorous Analysis Method (EU – RAM), the Direct 
Analysis Method (EU – DAM) and the General Method (EU – GEM). 
  
Pág. 16  Master Thesis 
 
2.3.1.1 The Rigorous Analysis Method 
The Rigorous Analysis Method (RAM) is described in EN15512 [4].  Verification is 
carried out according to subchapter  9.7.6.4, that is used for members for which lateral-
torsional buckling is a potential failure mode. The EN15512 considers the lack-of-verticality 
imperfections, but neglects the out- of- straightness (bow) imperfections. First or second 
order analyses can be carried out. If a second order analysis is used, buckling lengths 
should be put equal to the system lengths. However, in the calculations carried out herein 
the following effective lengths are considered: Ly=L, Lz=L , LeT=0.7*L. 
 The verification equation for this method is: 
, where y-y is the major axis. 
NSd , MySd , MzSd are the design loads, taken from a first-order analysis. 
Aeff , Weff,y , Weff,z are the effective section properties. 
kLT , kz  and χLT will be determined according to subchapter 9.7.6.4 of EN15512.  
χmin shall be chosen as the minimum between the flexural, flexural-torsional and 
distortional buckling modes. 
 As the purpose of this method is to find a way of determining and including the 
effect of distortional buckling, two methods were developed: one method following the 
recomandations of EN15512 (subchapter 9.7.2c), in which a reduction factor χdb will be 
determined; and one method according to AISI S100 [5] (subchapterE4.1), in which a 
distortional buckling reduced area shall be calculated. 
 The European way of calculating the distortional buckling is rough, and it is 
necesarry to carry out an experiment in order to apply it: a distortional buckling test and a 
stub column test realized on the same type of elements 
 The results from the stub column test are used in order to find an effective area. 
Flexural and lateral-torsional reduction factors corresponding to the experiment will be 
determined. A new ultimate load will be determined as following: 
, reduced ultimate load from the stub column test 
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The ratio between the ultimate load from the distortional buckling test and the 
reduced ultimate load from the stub column test will be the distortional buckling reduction 
factor. 
, where Ndb is the ultimate load from the distortional buckling test and 
χdb is the distortional buckling reduction factor. 
To see the impact of the distortional buckling, the verification can be done in two 
particular ways: one where χmin does not include χdb, and one where χdb is included. The 
flexural-torsional reduction factor, χxy is calculated using part 9.7.5.2 of EN15512 and the 
reduction factors for flexural buckling from part 9.7.4 of EN15512 [4]. 
An easier way of determining the distortional effect is to calculate the effects of 
distortional buckling according to the United States standards, as described in AISI S100, 
subchapter E4.1 [5]. 
 For this method a reduced effective area, coresponding to the nominal axial strength 
for distortional buckling shall be calculated. The nominal axial strength for distortional 
buckling is determined by using the following formula.  
, where Pcrd is the critical elastic distortional 
column buckling load, determined by softwares. 
The distortional buckling reduced area is:  
 
As done in the previous method, in order to see the impact of the distortional 
buckling, the verification can be done in two particular ways: one where the formula will not 
contain Aeff.D, and one that will contain the effect of distortional buckling, by introducing Aeff.D 
in the formula. The effect of distortional buckling will be introduced in the verification 
formula, by replacing the effective area with the distortional buckling reduced area: 
In the verification formula, the rest of the terms will be the ones recommended by 
EN15512, only χmin will differ by not taking into account χdb. 
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2.3.1.2 The Direct Analysis Method 
 The Direct Analysis Method (DAM) is an advanced three-dimensional analysis 
described in EN15512, subchapter 10.1.3, with respecting the provisions stated in EN1993-
1-1, subchapter 5.3.2 (11).  
This method takes into account both overall rack and member imperfections, and if 
necessary, joint eccentricities. It includes flexural-torsional buckling of the members and the 
influence of warping deformations. In this case the buckling length is not required.  
The verification equation for this method is: 
,where  NEd , MyEd , MzEd are the design loads, taken 
from a second-order analysis. 
Aeff , Weff,y , Weff,z are the effective section properties. 
 For this method, taking into account the imperfections is very important. There are 
different ways in which this can be done.  One is allowing the sofwares to calculate them 
according to internal procedures, and the  other one  is to calculate the imperfections by 
analitical means and introduce the amplitude in the software. 
 Nowadays most structural analysis softwares have the property and accuracy of 
doing all the required analyses by themselves. As this method requires, the global 
imperfections are introduced according to the shape of the first buckling mode. The 
programs have the skill to deform the structure, as well introducing the amplitude of 
imperfections according to the maximum displacement. The results from the second-order 
analysis will be used for the verification formula. 
The amplitude of imperfections can be calculated using EN1993-1-1 [2], subchaper 
5.3.2(11). The shape of the critical elastic buckling mode ηcr may be applied as a unique 
global and local imperfection. The amplitude of the imperfection is determined using the 
following formula: 
, where 
ηinit  is the amplitude of the imperfection 
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NRk is the characteristical resistance to normal force of the critical cross section 
ηcr is the shape of the elastic critical buckling mode. Is defined as a polinome in respect with 
the buckling shape of the element; the position of the displacement on the column is on the 
X axis and the displacement on the Y axis.  
E·I· η’’cr is the bending moment due to ηcr at the critical cross section. E is the elastic 
modulus of the material, I the moment of inertia and η’’cr  is the second order derivative of ηc 
λ is the relative slenderness of the structure 
e0 is calculated using: 
 , with α as the imperfection factor for the relevant 
buckling curve(Tables 6.1 and 6.2)[2], and χ as the reduction factor for the relevant buckling 
curve (subchapter 6.3.1)[2]. 
 The amplitude of the imperfection will be introduced in the software, using the first 
buckling mode as an imperfection. The results from the second order analysis will be used 
in the verification formula. 
Although this method doesn’t specify to take into account the effect of distortional 
buckling, it can be introduced as an alternative, either using the recomandations of the 
European Standards or the North- American ones. 
2.3.1.3 The General Method 
The General Method is described in subchapter 6.3.4 of EN1993-1-1[2]. Usually, this 
method is used when other buckling analyses recommended by EN1993-1-1 (6.3.1, 6.3.2, 
6.3.3) do not apply. It allows the verification of the resistance to lateral and lateral torsional 
buckling for structural components such as: single members with mono symmetric cross 
sections, built-up or not, uniform or not, uniform or not, with complex support conditions or 
not or frames or subframes composed of such members, which are subject to compression 
and/or mono-axial bending in the plane, but which do not contain rotative plastic hinges. 
As stated in [2], the verification formula for out-of-plane buckling is: 
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, where 
χop is the reduction factor for the out of plane slenderness λop, to take account of lateral and 
lateral-torsional buckling. It can be determined in two ways: the minimum value between the 
reduction factor for flexural buckling, χ and the reduction factor for lateral- torsional buckling, 
χLT; it can be chosen as a value interpolated between the values χ and χLT, with αult.k 
corresponding to the critical cross section (see subchapter 6.3.4 pf En1993-1-1). 
αult,k is the minimum load amplifier of the design loads to reach the characteristic resistance 
of the most critical cross section of the structural component considering its in plane 
behaviour without taking into account lateral or lateral-torsional buckling, however 
accounting for all effects due to in plane geometrical deformation and imperfections, global 
and local, where relevant [2.] It is calculated using the formula: 
, where NEd, My.Ed are the design values of the compression force and 
the moment about the major axis; NRk and My.Rk are the characteristic values of resistance to 
compression and bending about the y-y axis. 
λop  is the global non dimensional slenderness for the structural component. It can be 
determined from: 
 
αcr.op is the minimum load amplifier for the in plane design loads to reach the elastic critical 
load of the structural component in regards to lateral or lateral torsional buckling without 
accounting for in plane fexural buckling. This value can be determined by software analysis. 
 The specific buckling curve will be determined from EN1993-1-3 [3].  
 The General Method doesn’t take into account the effect of distortional buckling. In 
order to do that, it can be introduced either by applying the distortional buckling reduction 
factor, or using a distortional buckling reduced effective area, as defined in the North-
American standards, in a similar way as it is done in the Rigourous Analysis Method 
presented in the previous section of the thesis. 
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2.3.2 Review on the North-American Approaches 
For the North-American approaches three methods were studied: the Direct Analysis 
Method (US- DAM), the Effective Length Method (US- ELM) and the Simplified Effective 
Length Method (US- SELM). 
2.3.2.1 The Direct Analysis Method 
 The US – Direct Analysis Method is described in subchapter C1.1 of AISI S-100[5]. 
This method requires a second- order analysis, taking into consideration initial imperfections 
and adjustments to stiffness. 
The initial member imperfections will be included directly in the analysis, according 
to the eigenshape of the first buckling mode. The pattern of initial displacement shall be 
such that provides the greatest destabilizing effect. 
The value of the magnitude of the initial displacement is formulated in RMI[6] 
subchapter  1.4.11.2 Out-of-Straight Limit : The maximum out-of-straight ratio for a loaded 
rack column is 1/240. Out-of-straight ratio: maximum horizontal distance(in) from the 
centerline at any point on the column to a plumb line from any other point on the column 
divided by the vertical distance(ft) between the two points. 
 According to subchapter C1.1.1.3 of AISI S-100, the analysis requires a reduction of 
stiffness. The stiffness shall be reduced as follows: a reduction factor of 0.9 will be applied 
to the elastic modulus (0.9E). This reduction is applied to all stiffnesses considered to 
contribute to the stability of the structure. 
 A member stability check is required. As subchapter C1.1.2 recommends, the 
flexural buckling effective lengh factors Ky and Kx shall be taken as unity, unless a smaller 
value can be justified by rational engineering analysis. 
 The verification equation for combined compressive axial load and buckling is 
described in subchaper H1.2, as follows: 
, where 
     are the required compressive axial and flexural strengths about the x-x and y-y 
axis, as determined from the second-order analysis. 
Pa, Max, May are the available axial and flexural strengths. 
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Pa, the available axial strength is determined from chapter E of AISI S-100, as the 
smallest of the nominal axial strength,Pne, for yielding and global buckling, nominal axial 
strength, Pnl, for the interaction of local buckling with global buckling and the nominal axial 
strength,Pnd, for distortional buckling. 
Subchapter E2 gives detailed information about determining the nominal axial 
strength for yielding and global buckling Pne. 
, where Ag is the gross cross section area and Fn is the compressive stress, 
calculated according to the slenderness λc and the yield stress Fy. 
, for λc ≤ 1.5 
, for λc > 1.5 
The slenderness λc is determined by the formula: 
, where Fcre is the lest of the applicable elastic global buckling stress, and it can 
be easily determined using software. 
The interaction between local and global buckling can be obtained by using a 
reduction factor Q, determined experimentaly, as described in subchapter 4.1.3.1 of RMI [6]. 
 
 The value of Q results from experimental stub column tests: 
 
Pua is the ultimate compressive strength of the stub column test 
The method of calculating the nominal axial strength for distortional buckling is 
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described in subchapter E4. Depending on the value of the distortional buckling 
slenderness, the value of Pnd shall be determined in in different ways: 
If λd≥λd2  then  
If λd≤λd1 then    
If λd1<λd≤λd2 then , where  
  
 
 
 
 
, where Ag is the gross cross section area and Anet.min is the minimum 
net area of the cross-section. 
 The value of the critical elastic distortional buckling load can be determined with 
software. 
For determining the value of the available flexural strength, chapter F of AISI S-100 
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gives all the information needed. According to it, Max and May shall be the smallest of the 
nominal flexural strength for yielding and global buckling, Mne, the available flexural strength 
due to the interaction of yileding or global buckling with local buckling, Mnl, and the nominal 
flexural strength for distortional buckling, Mnd. 
, where Sf  if the value of the section modulus and Fn is the compressive stress, 
calculated according to the yield stress Fy and Fcre, the critical elastic lateral-torsional 
buckling stress, determined with software. The procedure is described in subchapter F2. 
 , for Fcre ≥ 2.78Fy  
 , for 2.78Fy > Fcre > 0.56Fy 
 , for Fcre ≤ 0.56Fy 
The effect of local buckling interacting with global buckling is detailed in subchapter 
F3. Mnl, the nominal flexural strength for local buckling is determined according to the 
slenderness λl, the nominal axial strength for lateral-torsional buckling Mne and the critical 
elastic local buckling moment, Mcrl, determined with software. 
 
If λl≤0.776 then  
If λl≥0.776 then  
Mnl ≤ Mynet 
The effect of distortional buckling is detailed in subchapter F4. Mnd, the nominal 
flexural strength for distortional buckling is determined according to the slenderness 
λd,λd1,λd2 and the critical elastic distortional buckling moment Mcrd, determined with software. 
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If λd>λd2 then  
If λd≤λd1 then  
If λd1<λd≤λd2 then         , and 
                                                                       
,where: 
 
 
   
 
 
. 
 
2.3.2.2 The Effective Length Method 
The US – Effective Length Method is described in subchapter C1.3 of AISI S-100[5]. 
This method requires a first-order analysis, taking into consideration initial imperfections, but 
without any adjustments to stiffness. 
The imperfections are introduced according to subchapter C1.1.1.2.b, through 
notional loads. The magnitude of the notional load Ni, shall be: 
, where 
α = 1 
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Yi is the gravity load applied at level “i”  
The required axial strength P and flexural strength M shall be determined as follows 
(see AISI, C1.2.1.1): 
 
 ,where 
B1 is a multiplier for P-δ effects 
B2 is a multiplier for P-Δ effects 
 is a moment from first- order elastic analysis, due to lateral translation of the structure 
only 
 is a moment from first- order elastic analysis, with the structure restained against 
lateral translation. 
 is an axial force from first-order elastic analysis, due to lateral translation of the 
structure only 
 
is an axial  force from from first-order analysis, with the structure restained against 
lateral translation. 
The verification equation for combined compressive axial load and buckling is 
described in subchaper H1.2, as follows: 
 
                are the required compressive axial and flexural strengths about the x-x and y-y 
axis, as determined from the previous calculations. 
Pa, Max, May are the available axial and flexural strengths. They are determined in a similar 
way as in the US-DAM method, considering the appropriate buckling lengths (see AISI S-
100, chapter C1.3.2).  
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2.3.2.3 The Simplified Effective Length Method 
 This method was developed in accordance with AISI S-100 [5]. This method is an 
addaptation of the Effective Length Method added by ETSEIB, where the ultimate 
experimental strength is directly compared to the available compression strength of the 
column calculated according to AISI S-100, subchapter E. 
 The verification equation is: 
 
where     is directly the ultimate load obtained in the experimental tests of the upright frame. 
Pa is determined as indicated in Section 2.3.2.1 of the present document. A variant in the 
calculation of the Q factor equation is considered (in addition to what was specified in the 
mentioned section): 
 
 
2.4 Upright frames investigated 
2.4.1 Material properties 
1. Column 2.99x3x0.07inch 
E = 210000MPa       
               ν = 0.3  
          fy = 430MPa 
2. Column 2.99x3x0.105inch 
E = 210000MPa       
            ν = 0.3  
         fy = 370MPa 
3. Brace 1.5x1.25x0.06inch 
E = 210000MPa       
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              ν = 0.3  
          fy = 472MPa 
2.4.2 Geometry and properties of the cross sections 
The column sections are:     
  
              
 
 
 
Figure 2.4.2-1: Columns cross-section. 
     a) Column C2.99x3x0.07inch               b) Column C2.99x3x0.105inch 
The longitudinal views of the columns are:  
 
Figure 2.4.2-2: Longitudinal views of the column. 
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The brace section is the following for both types of frames: 
 
 
 
 
 
 
Figure 2.4.2-3: Brace cross-section. 
 
Section properties 
a.  Column 2.99x3x0.07inch 
Ag = 445mm
2  
Anet.min = 355.483mm
3 
b.  Column 2.99x3x0.105inch
 
Ag = 694mm
2 
Anet.min = 547.741mm
2 
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2.4.3 Frame details 
The geometry of the frame is the following: 
    
             
Figure 2.4.3-1: Frame geometry: lateral and top view.         Figure 2.4.3-2: Column-brace     
                                                                                                                joint detail 
A.  Constraints: 
 At level 0.00 the columns are fixed. 
 At level 60in (1524mm) there is a point support that suppresses the displacement 
on direction perpendicular to the frame and the rotation on the axis parallel to the 
column. It simulates the beams that connect the frames, in order to create the 
racks. 
 At level 114in (2895mm) the end of the column is fixed, except for the 
displacement of the axis parallel to the column. 
B.  Joints: 
All the elements are connected by welds.  The conditions at the end of the bracings 
permit warping and the node is semi-rigid on the local X axis of the element (parallel to the 
brace), each joint with the according stiffness (subchapter 2.2.4) using the results from a 
compression-tension test on joints. 
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C.  Loads: 
The load applied is 83.54kN for Column 2.99x3x0.07in and 127.4kN for Column 
2.99x3x0.105in. These loads are the experimental ultimate loads. 
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3. SOFTWARE   
 For elaborating this thesis, different programs and software were used, depending 
on the needs and the type of procedure. The analysis of the frame started in Consteel, and 
along the way, Ansys – Mechanical APDL, CUFSM and CUTWP were used for determining 
certain properties and buckling loads. 
3.1 Consteel 
 Consteel is a structural analysis software used mainly for the design of steel and 
composite structures. It was used for designing the frame according to the experiment and 
carrying out the analyses: first-order analysis, second-order analysis and buckling analysis 
of the upright frame. 
3.1.1 Geometry and structural members 
 The geometry of the frame respects accurately the one from the experiment. 
 
    Figure 3.1.1-1: 3D frame geometry in Consteel  
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Defining the materials in Consteel is done in the following way: 
 
Figure 3.1.1-2: Example of definition of materials in Consteel  
 
Defining the cross-sections in Contseel: 
 
  a)      b) 
Figure 3.1.1-3: Example of defining the cross section a) and 3D view of the section b)  
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Consteel does not have a wide variety of profiles in its library, and doesn’t have the 
function to create a new cross-section. Hence a similar cross-section was used, without 
perforations. Therefore, the 1
st
, 2
nd
 order analyses and frame buckling analysis are carried 
out considering non-perforated members. Perforations are considered when calculating the 
available strengths by means of CUTWP, CUFSM and Ansys. 
Bow imperfections can be introduced, before or after the design of the element: 
 
Figure 3.1.1-4: Example of introducing bow imperfections  
 
Point supports are added in the following manner: 
 
 Figure 3.1.1-5: Example of how a point support is introduced, and it’s graphical 
representation in Consteel  
 
Supports can be added from the ones already implemented in the program, or can 
be modeled. The supports were created in order to respect the experimental requirements 
(see subchapter 2.4.3). 
 The software has the property to introduce the effect of warping and to modify the 
rigidity of the connection. The brace-column joint was modeled as semi-rigid on the 
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longitudinal direction (see section 2.4.3) and free to warp. The other degrees of freedom are 
considered fixed to the column. 
 
Figure 3.1.1-6: Releases  
 
3.1.2 Loads 
The values of the ultimate loads obtained in the experiment were introduced in the 
Consteel model (see subchapter 2.4.3). 
       
    Figure 3.1.2-1: Introducing point loads in Consteel  
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3.1.3 Analysis 
Consteel can perform different types of analyses, depending on the needs. First- 
order, second – order, buckling analysis were the ones performed for this thesis.  In the 
end, it will give the internal forces, displacements, buckling shapes and eigenvalues. 
 
     
 
 
 
 
 
 
 
  Figure 3.1.3-1: Selecting the types of analyses  
Results of the analysis: Example of internal forces 
 
   
 
 
 
 
 
 
  Figure 3.1.3-2: Second order analysis -  Internal forces  
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Results from the analysis: Example of deformation 
 
Figure 3.1.3-3: Second order analysis - Deformations  
Results from the analysis: Example of buckling modes  
 
    Figure 3.1.3-4: Buckling analysis – 1
st
 buckling mode 
Design of pallet rack upright frames subject to compression                                                                                              Pág. 39 
 
Consteel can introduce in the analysis the effect of imperfections. They are 
introduced according to the desired buckling mode. For this procedure it applies part 
5.3.2(11) of EN1993-1-1. The amplitude of the imperfection can be introduced manually or 
selected automalically by Consteel. 
 
Figure 3.1.3-5: Applying global imperfections 
 
 
3.1.4 Global checks. Results 
 The software does a global check, calculating the utilization of the structure using 
different types of verifications: general elastic resistance, global stability resistance, pure 
resistances etc. 
 The following figure presents the utilization of the structure, considering all types of 
resitances, or taking them separately. 
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        Figure 3.1.4-1: Global check of the structure 
For this thesis, the obtained results will not be used. One reason is the section 
properties, which will be changed for the perforated sections used in the experiment.  
Another reason is the buckling curve.  
 
3.2 Ansys – Mechanical APDL 
 Ansys – Mechanical APDL is a finite element software used in this thesis for 
determining the value of the critical elastic distortional buckling. 
3.2.1. Generating the macros 
 The models in Ansys can be created by using the commands from its interface. The 
programming language specific to this software also allows us to create sequences of 
computing instructions for every step in generating the finite element model. These are 
called macros and they can be called in Ansys. 
 For this part of the project the macros were very useful, because in order to 
determine the critical elastic buckling loads (especially the distortional buckling load), 
different element lengths are tested in order to create the buckling signature curves. 
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 The macros used were already created by the members of the department, leaving 
the possibility to modify where they needed alterations and adapt them to this specific 
experiment. To generate the finite element model, the macro global.mac has to be executed 
every time. In order to facilitate this, the global macro contains six subscripts, each having 
its own purpose. This facilitates working with macros. The macro global.mac, used in this 
project, has the following structure: 
    Figure 3.2.1-1: Sketch of the macro global.mac 
3.2.1.1 Global.mac 
 The macro global.mac is called in the Ansys GUI. It incorporates “submacros”, which 
all together create the finite element model. It is the general one, and can be modified and 
adapted as needed. The global.mac looks like the following: 
fini 
/clear 
global 
geoini1 forats2 puntal3 mallpun4 enlace9 clineal10 
Defines the 
geometry of 
the section 
Creates the 
perforations 
Defines the 
length of the 
element.  
Defines the 
material 
properties 
and the 
mesh.  
Defines 
constraints 
and 
displacements 
Defines the 
type of 
analyses 
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geoini1 
forats2 
puntal3 
mallpun4 
enlace9 
clineal10 
q=0 
 Once this macro is called, it automatically calls the other macros that are 
incorporated in it. 
 
3.2.1.2 Geoini1.mac 
 This macro containts the geometry of the model: the position of each point and line 
that define the element. It creates a module with half of the section, with the length of 
50.8mm.  
 
Figure 3.2.1.2-1: geoini1.mac  
 
3.2.1.3 Forats2.mac 
This macro creates the entire cross section by copying the points and lines created 
with the the macro geoini1.mac, and after that, it creates the perforations in the element. 
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Figure 3.2.1.3-1: geoini1.mac + forats2.mac 
3.2.1.4 Puntal3.mac 
 This macro multiplies the modules. It automatically asks for the desired length of the 
element. For  this project, modeling elements with different lengths is important, in order to 
see the distortional buckling effects. All of them were a multiple of one module, 50.8mm 
 
                   
 
 
 
 
 
Figure 3.2.1.4-1: geoini1.mac + forats2.mac + puntal3.mac 
3.2.1.5 Mallpun4.mac 
 The macro mallpun.4 defines the material properties, thickness and creates the 
mesh. In order to create the mesh, this macro asks for the desired element size. 
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Figure 3.2.1.5-1: geoini1.mac + forats2.mac + puntal3.mac + mallpun4.mac 
3.2.1.6 Enlace9.mac 
 Enlace9.mac macro defines the boundary conditions. The translations on the X and 
Y axes are blocked on several points, at both ends of the element. At both ends, all of the 
points are coupled, in order for them to rotate equally, to prevent localised buckling modes. 
At one end, translation on the longitudinal (Z) axis is blocked, and at the other end, a 
displacement of 1mm is introduced on the longitudinal axis. The force provokes the 1mm 
displacement will be saved in the analysis. 
 
 
 
 
  
Figure 3.2.1.4-1: geoini1.mac + forats2.mac + puntal3.mac + 
mallpun4.mac+enlace9.mac 
3.2.1.7 Clineal10.mac 
 This macro generates the analysis. In this case two types of analyses have been 
done. First, a static analysis, allowing us to see the axial force that creates the 1mm 
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displacement imposed by the macro. After that, a buckling analysis is performed, in order to 
see the buckling force for the desired buckling mode. 
 
Figure 3.2.1.4-1: geoini1.mac + forats2.mac + puntal3.mac + 
mallpun4.mac+enlace9.mac + clineal10.mac 
 
 
 
3.2.2. Distortional Buckling Analysis. Results. 
 The purpose of this analysis was to obtain the critical elastic distortional buckling 
load. In order to do that, macros were used, modifying the lenght of the column. 
 The following pictures are an example of the distortional buckling modes obtained 
for one type of column length. The force that displaces 1mm will be multiplied with the factor 
FACT corresponding to each buckling mode. 
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a) 
    
 
b) 
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c) 
Figure 3.2.2-1: Distortional buckling modes: 2
nd
 mode(a), 3
rd
 mode(b), 4
th
 mode(c) 
 
 
3.3 CUFSM 
CUFSM is a finite strip method analysis software, commonly used for thin-walled 
cold-formed steel structures. In this project it is used for determining the value of the elastic 
buckling loads and bending moments for distortional buckling and local buckling.  
 
3.3.1. Defining the material and section 
 In the left part of the interface, the material properties, point coordinates, lines and 
thickness can be easily modified. On the right side there is the plot of the model. 
 The sections can be modeled manually or use a predefined template. Perforations 
are introduced by means of the concept of reduced thickness (see T. Pekoz report [15]). 
The equations used for the thickness reduction are: 
 For distortional buckling calculations: 
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1/3
,
,
np w
d w d
L
t k t
L
 
  
 
 and 
1/3
,
,
np f
d f d
L
t k t
L
 
  
 
 
where 
t  is the thickness of the steel sheet 
,d wt  is the reduced thickness of the strip containing the web perforation 
,f wt  is the reduced thickness of the strip containing flange perforation 
L  pitch as shown in Figure 3.3.1-2 
,np wL  length of the unperforated part of the web as shown in Figure 3.3.1-2 
,np fL  length of the unperforated part of the flange as shown in Figure 3.3.1-2 
dk = 0.8 
For global (overall) buckling calculations 
,
,
np w
g w g
L
t k t
L
 
  
 
 and 
,
,
np f
g f g
L
t k t
L
 
  
 
 
where  
,g wt and ,g ft are the thicknesses of the strips containing web and flange perforations 
gk = 0.6 
 
Figure 3.3.1-2: Section with reduced thickness 
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Figure 3.3.1-2: Example of material and cross section definition 
 
Figure 3.3.1-3: Cross section properties 
 
 
3.3.2. Loads and boundary conditions 
The value of the applied load is introduced in the left part of the interface, on the right 
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having a plot with the resulting stresses.  
Loads are introduced in the following ways: 
 
Figure 3.3.2-1: Introducing an axial load 
 
 
Figure 3.3.2-2: Introducing a bending moment 
 
 
For the boundary conditions, there are different options to introduce them, but for this 
case, simple-simple was used to get the signature curve. 
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Figure 3.3.2-3: Adding boundary conditions 
 
3.3.3. Analysis and results 
 For the model a buckling analysis was performed, in order to obtain the critical 
elastic load and critical elastic bending moment for distortional buckling and local buckling. 
Example of results for the elastic buckling load – distortional buckling 
 
a)     b) 
Figure 3.3.3-1: Distortional buckling loads for Column2.99x3x0.07in a), and 
Column2.99x3x0.105in b) 
 
 
Example of results for the critical bending moment about the symmetry axis x-x – 
distortional buckling 
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a)     b) 
Figure 3.3.3-2: Distortional buckling bending moment about x-x axis for 
Column2.99x3x0.07in a), and Column2.99x3x0.105in b) 
Example of results for the critical bending moment about the non-symmetry axis y-y 
– distortional buckling 
 
a)     b) 
Figure 3.3.3-3: Distortional buckling bending moment about y-y axis for 
Column2.99x3x0.07in a), and Column2.99x3x0.105in b) 
 
 
Example of results for the critical bending moment about the symmetry axis x-x – 
local buckling 
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a)     b) 
Figure 3.3.3-4: Local buckling bending moment about x-x axis for Column2.99x3x0.07in a), 
and Column2.99x3x0.105in b) 
 
Example of results for the critical bending moment about the non-symmetry axis y-y 
– local buckling 
 
a)     b) 
Figure 3.3.3-5: Local buckling bending moment about y-y axis for Column2.99x3x0.07in a), 
and Column2.99x3x0.105in b) 
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3.4 CUTWP 
CUTWP is a global buckling analysis software, commonly used for thin-walled cold-
formed steel structures. The program reports the section properties and the buckling mode 
shapes and loads. 
 
3.4.1. Defining the material and section 
 In the left part of the interface, the material properties, point coordinates, lines and 
thickness can be easily modified, and also the buckling lengths. On the right side there is 
the plot of the model, and at the bottom the buckling load. 
 The sections can be modeled manually. As files created in CUFSM can easily be 
imported in CUTWP, I dind’t create new sections in CUTWP. 
 
3.4.2. Analysis and results 
 CUTWP performs a global buckling analysis. The software is usefull for calculating 
the critical elastic axial load and bending moment for global buckling. 
Example of results for the critical elastic load – global buckling 
 
a)     b) 
Figure 3.4.2-1: Global buckling loads for Column2.99x3x0.07in a), and 
Column2.99x3x0.105in b) 
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Example of results for the critical bending moment about the symmetry x-x axis – 
global buckling 
 
Figure 3.4.2-2: Global buckling bending moment about x-x axis for Column2.99x3x0.07in a), 
and Column2.99x3x0.105in b) 
 
Example of results for the critical bending moment about the non-symmetry y-y axis 
– global buckling 
 
Figure 3.4.2-3: Global buckling bending moment about y-y axis for Column2.99x3x0.07in a), 
and Column2.99x3x0.105in b) 
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4. Numerical investigations and studies   
 
Based on C. Bernuzzi’s article [1],six types of analyses were developed and carried 
out in this paper. Three of them are done according to the European codes: Rigorous 
Analysis Method, Direct Analysis Method and General Method; and three according to the 
North-American ones: Direct Analysis Method, Effective Length Method and Simplified 
Effective Length Method. In this manner, the designer of storage racks can choose the 
most suitable option.  
Every method contains minimum two alternatives, in order to get the most accurate 
result, that can be appled in a general way, not only for the type of racks and elements 
tested in this paper This chapter contains descriptions of the methods applied, results, 
comparisons and recommandations. Calculation examples can be found in the appendix. 
4.1. European Approaches 
4.1.1 EU – Rigurous Analysis Method 
The Rigorous Analysis Method (RAM) as described in subchapter 2.3.1.1 considers the 
lack-of-verticality imperfections (sway imperfections). However, since in this model the 
columns are fixed at the upper part, imperfections due to the lack of verticality will not be 
considered in the Consteel analysis.  
For this method, calculating the effect of the distortional buckling is very important. In 
order to do this, two approaches were followed. In the first one, the effect of the distortional 
buckling was calculated according to the European code, and in the second one, it was 
calculated according to the American standards, but applying it in the European verification 
equation.  
4.1.1.1 Distortional buckling effect according to the European standards 
This method consists in following the Rigorous Analysis Method procedures and 
calculating the effects of distortional buckling according to the European pallet racks code 
EN15512 [4], subchapter 9.7.2c.  There is no analytical method of calculating the 
distortional buckling described in the European codes. The only way of doing this is 
pursuing a distortional buckling experiment that will lead to finding the proper results. 
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The distortional reduction factor,χdb, is determined from a test performed in 2013: 
"Distortional buckling strength of American cold-formed rack columns" [12]. The sections 
used in the experiment from 2013 are similar to the ones in the experiment on which this 
paper is based on, and the experiment performed in 2013 consists of a stub column test 
and a distortional buckling test. 
For determining the reduction factor χdb, a ultimate load is calculated, taking into 
account the effect of flexural and lateral-torsional buckling. The calculation is done 
according to EN15512 part 9.7.6.4, using the effective area determined from the stub 
column tests. 
The value of χdb is the following: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
Load from stub-column test Fu 
[N] 
121730 215127 
Load from distortional buckling  
test Ndb.Rd [N] 
114967 167223 
Experimental yield stress [MPa] 471 449 
Effective area [mm
2
] 258.45 479.125 
χz for experiment 1 1 
χxy for experiment 1 1 
  
0.944 0.777 
Table 4.1.1.1-1 
As the value of the distortional buckling reduction factor is known, the studies can 
move on to the experiment which this paper focuses on. The next step of this approach is 
finding the value of the minimum reduction factor χmin. It is the minimum between the 
flexural, flexural-torsional, distortional reduction factors.  
 The flexural-torsional reduction factor, χxy was calculated using part 9.7.5.2 of 
EN15512 and the reduction factors for flexural buckling from part 9.7.4 of EN15512.  
There is no bending on the major axis (My.Sd = 0), so the effect of lateral-torsional 
buckling on the major axis is neglected.  
The results of EU – RAM using the European approach for distortional buckling are: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
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NSd [kN] 85.4 131 
MzSd [kNm] 0.1 0.3 
χxy 0.837 0.741 
χy 1 1 
χz 1 1 
χdb 0.944 0.777 
χmin  = min(χy, χz, χxy, χdb) 0.837 0.741 
χLT 1 1 
kz 1.5 1.5 
Utilization without distortional 
buckling  
100.9% 96.3% 
Utilization with distortional 
buckling  
100.9% 96.3% 
 Table 4.1.1.1-2 
As it can observed, the results don’t change if the effect of distortional buckling is 
taken into account, because the main cause of failure is the flexural-torsional buckling. The 
results obtained following this procedure are very similar to the ones obtained in the 
experiment. 
 
4.1.1.2 Distortional buckling effect according to the American standards 
This method consists in following the Rigorous Analysis Method procedures and 
calculating the effects of distortional buckling according to the United States standards, as 
described in AISI S100-16[5], chapter E4. 
For this method a reduced effective area shall be determined, corresponding to the 
axial strength for distortional buckling. The axial strength is calculated using a yield axial 
load, Py, corresponding to the minimum net cross section area (without the influence of 
distortional buckling), and a critical elastic distortional column buckling load, Pcrd, determined 
by analysis in ANSYS – Mechanical APDL,.  
For determining Pcrd in ANSYS, several columns were modeled, with different 
lengths. The value of the critical elastic buckling load is the minimum from the graphic 
containing the distortional buckling loads. 
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Figure 4.1.1.2-1: Distortional buckling signature curve for Column2.99x3x0.07in 
 
Figure 4.1.1.2-2: Distortional buckling signature curve for Column2.99x3x0.105in 
 
The value of the distortional buckling reduced area is the following: 
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 Column 2.99x3x0.07in Column 2.99x3x0.105in 
Py 152900 N 202700 N 
Pcrd 97347.55 N 241922.811 N 
Pnd 94370 N 1624700 N 
Aeff.D 219.456 mm
2 
439.783 mm
2 
 Table 4.1.1.2-1 
The effective area corresponding for distortional buckling will be used in all the 
calculations of the EU-RAM method. For the calculations without taking into account the 
effects of distortional buckling the effective area from the stub-column test shall be used. 
The results of the EU-RAM using the reduced area is: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
NSd [kN] 85.4 131 
MzSd [kNm] 0.1 0.3 
χyz 0.883 0.84 
χy 1 1 
χz 1 1 
χmin 0.883 0.84 
χLT 1 1 
kz 1.5 1.5 
Utilization without 
distortional buckling 
100.9% 96.3% 
Utilization with distortional 
buckling 
106.6% 104.8% 
Table 4.1.1.2-2 
The effect of distortional buckling is mostly seen in the thick column (difference of 
10%), but it has an important impact on both columns. 
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4.1.1.3 Comparisons between the European and American approaches on distortional 
buckling 
 Although the results obtained by following the European procedures give a very 
accurate result, as a rack designer it is difficult to carry out an experiment in order to fulfill 
the European prescriptions.The results are accurate, having the waranty of safety and 
obtaining an economic product, which in the end, is one of the most important things for 
dominating the market. The results obtained by following the American procedure are 
slightly conservative, because it contains both the effect of flexural-torsional buckling and 
distortional buckling. 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
Utilization without 
distortional buckling 
100.9% 96.3% 
Utilization with distortional 
buckling – EU 
approach 
100.9% 96.3% 
Utilization with distortional 
buckling – AISI 
approach 
106.6% 104.8% 
Table 4.1.1.3-1 
 
4.1.2 EU – Direct Analysis Method 
The Direct Analysis Method (DAM) is an advanced three-dimensional analysis 
described in EN15512 [4], subchapter 10.1.3. It takes into account both overall rack and 
member imperfections, and if necessary, joint eccentricities.  
Two methods were approached, one in which the amplitude of imperfections is 
calculated in Consteel and one in which the imperfections are calculated through a 
polynomial.The purpose of the second approach is to check the accuracy of the results 
obtained in Consteel. 
The effect of the distortional buckling will be added to the verification equation, as 
calculated previously, in subchapters 4.1.1.1 and 4.1.1.2.  
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4.1.2.1 Amplitude of imperfections calculated by software 
In the first approach the imperfections are introduced automatically in the analysis by 
Consteel. The imperfections added to the structure are according to the first buckling mode. 
The amplitude of the imperfections is calculated by the software according to the column 
where the maxim displacement is. The amplitudes applied are:  
 
  
Figure 4.1.2.1-1: Imperfections applied on Column2.99x3x0.07in 
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Figure 4.1.2.1-1: Imperfections applied on Column2.99x3x0.105in 
The method Consteel applies for calculating the imperfections is described in 
subchapter 5.3.2 (11) of EN1993-1-1[2], the same one as the EN15512 requires. For the 
verification, the resulting internal forces from the second-order analysis are used. 
The results of the EU – Direct Analysis Method – Software imperfections are: 
 Column 2.99x3x0.07inch Column 2.99x3x0.105inch 
NEd [kN] 85.2  128.8 
My.Ed [kNm] 0.3  0.7 
Mz.Ed [kNm] 0.1  0.1 
Aeff [mm
2
] 245.281 
 
547.589 
Weff.y [mm
3
] 10499.4  18119.4 
Weff.z [mm
3
] 8308.1 13445.7 
Utilization without 
distortional 
buckling 
90.2% 76% 
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χdb 0.944 0.777 
Utilization with 
distortional 
buckling – EU 
method 
95% 94.3% 
Aeff.D [mm
2
] 219.456 439.783 
Utilization with 
distortional 
buckling – AISI 
method 
99.7% 91.6% 
Table 4.1.2.1-1 
For the frame with Columns 2.99x3x0.07in the effect of distortional buckling is not as 
significant; the AISI approach distortional buckling effect gives a very good result, very 
similar to the ones obtained in the experiment, and more conservative than the EU 
approach. 
 As it can be observed in the frame with Columns 2.99x3x0.105in, where the 
distortional buckling reduction factor is smaller, the impact of distortional buckling it bigger.  
Adding a distortional buckling effect makes a big difference in the verification, 
changing the utilization of the structure with 15% for the thicker types of columns. 
4.1.2.2 Amplitude of imperfections calculated by polynomial 
 As for the first approach, where the amplitude of imperfections are calculated by 
Consteel, this approach also follows the requirements of subchapter 5.3.2 (11) of EN1993-
1-1[2].  
 The first step is running a buckling analysis in Consteel. A graphic will be done, 
following the shape of the deformed column where the maximum displacement is. The 
graphic will contain the displacements on the vertical axis and the corresponding position on 
the column on the horizontal axis. From the polynomial obtained in the graphs below, the 
imperfection amplitude can de derived following the procedure shown in subchapter 2.3.1.2 
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of the thesis. The final amplitude values are: 
 
a)      b) 
Figure 4.1.2.2-1: Graph of the 5
th
 degree polynomial for Column2.99x3x0.07in (a) and 
Column2.99x3x0.105in (b) 
    
a)      b) 
Figure 4.1.2.2-2: Ampliude of imperfections for Column2.99x3x0.07in (a) and 
Column2.99x3x0.105in (b) 
The value of the amplitude of imperfections is then introduced in the analysis in 
Consteel. For the verification, the resulting internal forces from the second-order analysis 
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are used.  
The results of the EU – Direct Analysis Method – Polynomial imperfections are:  
 Column 2.99x3x0.07inch Column 2.99x3x0.105inch 
NEd [kN] 85.4  131 
My.Ed [kNm] 0.1  0.1 
Mz.Ed [kNm] 0.2  0.3 
Aeff [mm
2
] 245.281 
 
547.589 
Weff.y [mm
3
] 10674.9  18119.4 
Weff.z [mm
3
] 8402.5 13445.7 
Utilization without 
distortional 
buckling 
88.7% 72.2% 
χdb 0.944 0.777 
Utilization with 
distortional 
buckling – EU 
method 
93.5% 90.7% 
Aeff.D [mm
2
] 219.456 439.783 
Utilization with 
distortional 
buckling – AISI 
method 
98.21% 88.03% 
 Table 4.1.2.2-1 
The effect of distortional buckling can clearly be seen for the thick Column, the 
utilization growth is around 10%. As for the thin column, the impact is not as big, but it 
improves the result, giving a more coinservative analyze. Generally speacking, the DAM 
procedures seems to be slightly unconservative. 
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4.1.2.3 Comparisons between the software and polynomial imperfections 
  Column 
2.99x3x0.07inch 
Column 
2.99x3x0.105inch 
U
S
-D
A
M
 
S
o
ft
w
a
re
 
im
p
e
rf
e
c
ti
o
n
s
 
No distortional 
buckling 
90.2% 76% 
EU – distortional 
buckling 
95% 94.3% 
US – distortional 
buckling 
99.7% 91.6% 
U
S
-D
A
M
 
P
o
ly
n
o
m
e
 
im
p
e
rf
e
c
ti
o
n
s
 
No distortional 
buckling 
88.7% 72.2% 
EU – distortional 
buckling 
93.5% 90.7% 
US – distortional 
buckling 
98.21% 88.03% 
 Table 4.1.2.3-1 
 Since the software introduces higher imperfections, the final results are less 
conservative. The procedure presented in 5.3.2 (11) of EN1993-1-1 [2] for the definition of 
the magnitude of imperfections is a bit confusing. Consequently, it may be, it has not been 
applied in the proper way. 
Applying the effect of distortional buckling gives a more conservative result and it is 
recommended. 
4.1.3 EU – General Method 
The General Method applies part 6.3.4 of EN1993-1-1[2]. Consteel also applies the 
General Method when carrying out the buckling analysis. However, due to the fact that the 
software applies EN1993-1-1, not EN1993-1-3, only some Consteel results will be used: 
internal forces and buckling modes eigenvalues. The utilization of the columns is calculated 
by hand and it is not a Consteel result. 
 Two analyses have been realized, one with a model without imperfections, and one 
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model with imperfections according to the first in-plane buckling mode. For both analyses 
the effect of distortional buckling is added, reducing the effective cross section area with a 
distortional buckling reduction factor, according to the European approach (see subchapter 
4.1.1.1), or using a distortional buckling effective area, resulted from the United States 
approach (see subchapter 4.1.1.2). 
4.1.3.1 Model without imperfections 
For this analysis in Consteel, the model without imperfections will be used.The 
internal forces from the second order analysis, some section properties and buckling modes 
are taken from the software.  
The Results of the EU – General Method – Model without imperfections 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
NEd [kN] 85.4  131 
Mz.Ed [kNm] 0.1 0.3 
Aeff [mm
2
] 245.281
 
547.589 
Weff.z [mm
3
] 8384.5 13445.7 
NRk  [kN] 105.471 202.608 
Mz.Rk [kNm] 3.605 4.975 
αcr.op 2.42 2.38 
Utilization without 
distortional buckling 
95.3% 88.6% 
χdb 0.944 0.777 
χdbNRk [kN] 99.564 157.426 
Utilization with distortional 
buckling – EU 
method 
98.3% 99.5% 
Aeff.D [mm
2
] 219.456 439.783 
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NRk.D [kN] 94.366 162.72 
Utilization with distortional 
buckling – AISI 
method 
101.3% 97.8% 
Table 4.1.3.1-1 
As we can see, the GEM analysis with the effect of distortional buckling gives the 
most reasonable results, for both the European procedure and the American one, with a 
difference of about 2% from the experimental one. Not applying the effect of distortional 
buckling is too incautious, with a difference of 5% for the Column 2.99x3x0.07in and 11% 
Column 2.99x3x0.105in. 
4.1.3.2 Model with imperfections 
This approach analyses the model with bow imperfections, following the shape of 
the first in-plane buckling mode of the structure. The imperfections are calculated according 
to subchapter 5.3.2 of EN1993-1-1[2]. The value of the initial initial bow of 1/250. 
Shape of the first in-plane buckling mode Shape of the first in-plane buckling mode 
(mode8) for Column2.99x3x0.07in(a)   (mode9) for  Column2.99x3x0.105in(b) 
 
Figure 4.1.3.2-1: Shape of the buckling modes for Column2.99x3x0.07in (a) and 
Column2.99x3x0.105in (b) 
The internal forces from the second order analysis and buckling modes are taken 
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from the software. 
The Results of the EU – General Method – Model with imperfections  
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
NEd [kN] 85.4 129.6 
Mz.Ed [kNm] 0.4 1.3 
Aeff [mm
2
] 245.281
 
547.589 
Weff.z [mm
3
] 8384.5 13445.7 
NRk [kN] 105.471 202.608 
Mz.Rk [kNm] 3.605 4.975 
αcr.op 2.42 2.37 
Utilization without 
distortional buckling 
100.5% 100.2% 
χdb 0.944 0.777 
χdbNRk [kN] 99.564 157.426 
Utilization with distortional 
buckling – EU 
method  
103.6% 112.1% 
Aeff.D [mm
2
] 219.456 439.783 
NRk.D [kN] 94.366 162.72 
Utilization with distortional 
buckling – AISI 
method  
106.7% 110.3% 
Table 4.1.3.1-1 
As we can see, the GEM analysis including imperfections and the effect of 
distortional buckling gives a conservative result, with a difference of 4-7% for the 
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Column 2.99x3x0.07in and 10-12% for the Column 2.99x3x0.105in. The most 
symilar results are the ones that not include the effect of distortional buckling, with 
an accuracy of 0.2-0.5%.  
4.1.3.3 Comparison between the model without imperfections and the model with 
imperfections 
  Column 
2.99x3x0.07in 
Column 
2.99x3x0.105in 
M
O
D
E
L
 W
IT
H
O
U
T
 
IM
P
E
R
F
E
C
T
IO
N
S
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Utilization without taking into 
account the effect of 
distortional buckling 
95.3% 88.6% 
Utilization with the effect of 
distortional buckling – 
EU method  
98.3% 99.5% 
Utilization with the effect of 
distortional buckling – 
AISI method  
101.3% 97.8% 
M
O
D
E
L
 W
IT
H
 I
M
P
E
R
F
E
C
T
IO
N
S
 
Utilization without taking into 
account the effect of 
distortional buckling 
100.5% 100.2% 
Utilization with the effect of 
distortional buckling – 
EU method  
103.6% 112.1% 
Utilization with the effect of 
distortional buckling – 
AISI method  
106.7% 110.3% 
Table 4.1.3.3-1 
 
Adding imperfections to the Consteel model and in the same time applying the effect 
of distortional buckling may be a too conservative approach. However, because it can be 
seen in the experiment that the structure was affected by distortion.  
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4.1.4 Comparisons within European methods 
 
  Column 2.99x3x0.07in Column 2.99x3x0.105in 
E
U
 –
 R
A
M
 No Distortional Buckling 100.9% 96.3% 
EU Distortional Buckling 100.9% 96.3% 
US Distortional Buckling 106.6% 104.8% 
E
U
 -
 D
A
M
 
Polynomial Imperfections – 
No Distortional Buckling 
88.7% 72.2% 
Polynomial Imperfections – 
EU Distortional 
Buckling 
93.5% 90.7% 
Polynomial Imperfections – 
US Distortional 
Buckling 
98.21% 88.03% 
E
U
 -
 G
E
M
 
Imperfections – No 
Distortional Buckling 
100.5% 100.2% 
Imperfections – EU 
Distortional Buckling 
103.6% 112.1% 
Imperfections – US 
Distortional Buckling 
106.7% 110.3% 
Table 4.1.4-1 
 The results obtained from the EU-DAM method are very unconservative. The results 
obtained with the imperfections applied by Consteel are not taken into consideration, 
because parts of the procedure Consteel applies are not clear. Also, the results obtained 
with polynomial imperfections are slightly different from those obtained in Consteel. 
 Both EU-RAM and EU-GEM - applied on the model with imperfections give 
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accurate results. Distortional buckling doesn’t have a big influence on the result, so the main 
cause of failure is global buckling.  
4.2. North- American Approaches  
4.2.1 US – Direct Analysis Method 
The US – Direct Analysis Method is described in subchapter C1.1 of AISI S-100[5]. This 
method requires a second- order analysis, taking into consideration initial imperfections and 
adjustments to stiffness. Seven different methods were applied for this approach, containing 
different variations of the first method. 
For the first six methods, the value of the magnitude of the initial displacement is 
L/240 and it is formulated in RMI[6] subchapter  1.4.11.2. It will be included in the analysis in 
Consteel, according to the shape of the first buckling mode. 
 Magnitude of displacement for Column2.99x3x0.07: 
L = 917mm 
   δ = 3.821mm 
  Magnitude of displacement for Column2.99x3x0.105: 
L = 917mm 
δ = 3.821mm 
 
 
 
Figure 4.2.1-1: Applying the imperfections 
 
 For the last method, the imperfection is calculated using subchapter C1.1.1.2.b of 
AISI – S100 [5], through notional loads. The magnitude of the notional load is Ni = 
(1/240)·α·Yi. The loads are applied as follows: 
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   Notional loads for Column2.99x3x0.07: 
     Ni = 0.348kN  
   Notional loads for Column2.99x3x0.105: 
              Ni = 0.531kN 
 
 
 
 
 
 
 
a)     b) 
Figure 4.2.1-2: Applying notional loads on Column2.99x3x0.07in (a) and 
Column2.99x3x0.105in (b) 
According to subchapter C1.1.1.3 of AISI S-100, the analysis requires a reduction of 
stiffness. The stiffness shall be reduced as follows: a reduction factor of 0.9 will be applied 
to the elastic modulus (0.9E) of the columns.  
The buckling lengths are calculated according to RMI 6.3 and a report from T. Pekoz 
[13]. For the analysis in CUTWP and CUSFM, a new cross section was determined, with 
reduced thickness, to account for the effect of the perforations. The thickness reduction is 
done according to T. Pekoz report[13], depending on the buckling mode. 
 
4.2.1.1 US – DAM: Global, Local and Global, Distortional Buckling 
The Results for US-DAM: global, local+global, distortional buckling  are: 
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 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.6 131.2 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pnd [kN] 107.396 169.479 
Pa [kN] 87.823 163.154 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Mndx [kNm] 3.448 5.211 
Max [kNm] 3.448 5.211 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
Mndy [kNm] 2.625 4.436 
May [kNm] 2.316 4.436 
 
97.5% 80.4% 
 
2.9% 1.9% 
Design of pallet rack upright frames subject to compression                                                                                              Pág. 77 
 
 
8.6% 6.8% 
 
109% 89.1% 
Table 4.2.1.1-1 
The axial load has the biggest impact on the result for both columns, then the 
bending about the y-y axis. The difference of utilization of the two columns is so big, 
because of the influence of local buckling, which, as it can be seen, for the Column 
2.99x3x0.105 it doesn’t have any impact on the result, resulting in a conservative result for 
the Column2.99x3x0.07 and an unconservative result for the other.  
4.2.1.2 US – DAM: Global, Local and Global, Distortional and Global Buckling 
This method takes into account the effect of global, and local-global and distortional-
global interactions. 
The results for US-DAM: global, local+global, distortional+global buckling  are: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.6 131.2 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pnd [kN] 79.825 144.199 
Pa [kN] 79.825 144.199 
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Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Mndx [kNm] 3.448 5.211 
Max [kNm] 3.448 5.211 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
Mndy [kNm] 2.585 4.429 
May [kNm] 2.316 4.429 
 
107.2% 91% 
 
2.9% 1.9% 
 
8.6% 6.8% 
 
118.8% 99.7% 
Table 4.2.1.2-1 
The interaction between distoritonal and global buckling has a big impact on the 
axial strength, with highly no modifications of the bending strengths.  
4.2.1.3 US – DAM: Local ,Distortional Buckling 
 Assuming that the second order analysis already takes into account the effect of 
global buckling, in this section the global buckling verification is not applied. 
The results for US-DAM: local, distortional buckling  are: 
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 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.6 131.2 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pnl [kN] 105.645 202.664 
Pnd [kN] 107.396 169.479 
Pa [kN] 105.645 169.479 
Mnlx [kNm] 4.013 5.817 
Mndx [kNm] 3.448 5.211 
Max [kNm] 3.448 5.211 
Mnly [kNm] 2.354 4.491 
Mndy [kNm] 2.625 4.436 
May [kNm] 2.354 4.436 
 
81% 77.4% 
 
2.9% 1.9% 
 
8.5% 6.8% 
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92.4% 86.1% 
Table 4.2.1.3-1 
 The procedure results in unconservative results, especially for the thick column. 
4.2.1.4 US – DAM: Global, Local and Global, Distortional Buckling, using only the net 
cross section 
 For this method, the minimum minimum net cross section properties will be used in 
all the calculations (as it was done in the August 2015 report [10],[11]). It should be noted 
that the AISI code recommends using the gross cross section properties in some of the 
calculations. 
The results for US-DAM: global, local+global, distortional buckling, using only the net cross 
section  are 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.6 131.2 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pne [kN] 99.329 141.685 
Pnl [kN] 76.554 141.685 
Pnd [kN] 95.292 166.698 
Pa [kN] 76.554 141.685 
Mnex [kNm] 4.322 5.817 
Mnlx [kNm] 3.575 5.817 
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Mndx [kNm] 3.288 5.48 
Max [kNm] 3.288 5.48 
Mney [kNm] 3.64 5.008 
Mnly [kNm] 2.321 4.516 
Mndy [kNm] 2.631 4.47 
May [kNm] 2.321 4.47 
 
111.8% 92.6% 
 
3% 1.8% 
 
8.6% 6.7% 
 
123.5% 101.1% 
Table 4.2.1.4-1 
A good value is obtained for the thick column, while is too conservative for the 
thinner.   
4.2.1.5 US – DAM: Global, Local and Global  Buckling 
 In this method distortional buckling in not considered. 
The results for US-DAM: global, local+global buckling are:  
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
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 [kN] 
85.6 131.2 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pa [kN] 87.823 163.154 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Max [kNm] 4.013 5.817 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
May [kNm] 2.316 4.485 
 
97.5% 80.4% 
 
2.5% 1.7% 
 
8.6% 6.7% 
 
108.6% 88.8% 
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Table 4.2.1.5-1 
If these results are compared to these of the first american procedure, it can be 
concluded that the influence of distortional buckling seems to bee small for the tested 
configuration. 
4.2.1.6 US – DAM: Global, Local and Global, Distortional Buckling for the section 
without perforations 
 This method is done for the section without perforations. It is done in order to see 
the influence of the holes. 
Results for US-DAM: global, local+global, distortional buckling for the gross cross section 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.6 131.2 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pne [kN] 124.9 179.653 
Pnl [kN] 119.964 179.653 
Pnd [kN] 132.255 226.49 
Pa [kN] 119.964 179.653 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.637 6.7 
Mndx [kNm] 4.244 4.425 
Max [kNm] 4.244 4.425 
Mney [kNm] 3.686 4.969 
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Mnly [kNm] 3.686 4.969 
Mndy [kNm] 2.999 4.969 
May [kNm] 2.999 4.969 
 
71.4% 73% 
 
2.4% 2.3% 
 
6.7% 6% 
 
80.4% 81.3% 
Table 4.2.1.6-1 
It can be observed that neglecting perforations produces a clear overestimation of 
the ultimate loads. 
Neglecting the perforations has a bigger impact on the Column2.99x3x0.07,now the 
utilization for both column are similar, around 80%. This si because of local buckling, which 
has a bigger influence on the thinner column. 
4.2.1.7 US – DAM: Global, Local and Global, Distortional Buckling. Imperfections 
applied through notional loads 
 This method implies adding the imperfections to the analysis through notional loads 
The results for US-DAM: global, local+global, distortional buckling for imperfections applied 
through notional loads  are: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
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 [kN] 
85.6 131.3 
 [kNm] 
0.1 0.1 
 [kNm] 
0.2 0.3 
Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pnd [kN] 107.396 169.479 
Pa [kN] 87.823 163.154 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Mndx [kNm] 3.448 5.211 
Max [kNm] 3.448 5.211 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
Mndy [kNm] 2.625 4.436 
May [kNm] 2.316 4.436 
 
97.5% 80.5% 
 
2.9% 1.9% 
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8.6% 6.8% 
 
109% 89.2% 
Table 4.2.1.7-1 
 The final result is the same as that obtained by introducing the geometric 
imperfections directly in the model. 
4.2.1.8 US – DAM: Comparisons and conclusions 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
1. Global, local+global, 
distortional buckling 
109% 89.1% 
2. Global, local+global, 
distortional+global 
buckling 
118.8% 99.7% 
3. Local, distortional buckling 92.4% 86.1% 
4. Global, local+global, 
distortional buckling, 
using the minimum net 
cross section  
123.5% 101.1% 
5. Global, local+global buckling 108.6% 88.8% 
6. Global, local+global, 
distortional buckling, for 
gross cross section 
80.4% 81.3% 
7. Global, local+global, 
distortional buckling, 
using notional loads 
109% 89.2% 
Table 4.2.1.8-1 
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 The results obtained in case 1 and 7 are similar, so both ways of introducing 
imperfections are acceptable. 
 Methods 3 and 6 are too unconservative. Procedures 1, 2, 4 and 5 give good 
results; 1 and 5 are preferable for the thin column, while 2 and 4 work better for the thick 
one. Methods 2 seems to be the most acceptable. 
4.2.2 US – Effective Length Method 
The US – Effective Length Method is described in subchapter C1.3 of AISI S-100[5]. 
This method requires a first- order analysis, taking into consideration initial imperfections, 
but without any adjustments to stiffness. 
The imperfections are introduced according to subchapter C1.1.1.2.b, through 
notional loads. The magnitude of the notional load is Ni = (1/240)·α·Yi. The loads are applied 
as follows: 
   Notional loads for Column2.99x3x0.07: 
     Ni = 0.348kN  
   Notional loads for Column2.99x3x0.105: 
              Ni = 0.531kN 
 
 
 
 
 
 
 
a)     b) 
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Figure 4.2.2-1: Applying notional loads on Column2.99x3x0.07in (a) and 
Column2.99x3x0.105in (b) 
The buckling length are calculated according to RMI 6.3 and a report from T. Pekoz 
[13]. For the analysis in CUTWP and CUSFM, a new cross section was determined, with 
reduced thickness to account for the effect of the perforations. The thickness reduction is 
done according to T. Pekoz report [13], depending on the buckling mode. 
The required strengths obtained from the first-order analysis should be corrected to 
take into account the second order effects, as it was discussed in section 2.3.2.2 of the 
thesis. In the present investigation, global 2
nd
 order effects are null, since the frame cannot 
sway. Consequently, Plt and Mlt are zero. The P-δ have only to be considered through the B1 
factor. 
For this approach, five different methods were approached, joggling with buckling 
modes and cross section properties. Two methods are eliminated from the verifications 
presented in the previous section because it does not make sense to apply them in the US-
ELM method. The results of the different methods are discussed at the end, in section 
4.2.1.7. 
4.2.2.1 US – ELM: Global, Local and Global, Distortional Buckling 
The results for US-ELM: global, local+global, distortional buckling are:  
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.5 131 
 [kNm] 
0.1 0.246 
 [kNm] 
0.2 0.3 
Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pnd [kN] 107.396 169.479 
Pa [kN] 87.823 163.154 
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Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Mndx [kNm] 3.448 5.211 
Max [kNm] 3.448 5.211 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
Mndy [kNm] 2.625 4.436 
May [kNm] 2.316 4.436 
 
97.4% 80.3% 
 
2.9% 4.7% 
 
8.6% 6.8% 
 
108.9% 91.8% 
Table 4.2.2.1-1 
 
4.2.2.2 US – ELM: Global, Local and Global, Distortional and Global Buckling 
The results for US-DAM: global, local+global, distortional+global buckling  are: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
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 [kN] 
85.5 131 
 [kNm] 
0.1 0.246 
 [kNm] 
0.2 0.3 
Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pnd [kN] 79.825 144.199 
Pa [kN] 79.825 144.199 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Mndx [kNm] 3.448 5.211 
Max [kNm] 3.448 5.211 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
Mndy [kNm] 2.585 4.429 
May [kNm] 2.316 4.429 
 
107.1% 90.8% 
 
2.9% 4.7% 
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8.6% 6.8% 
 
118.6% 102.3% 
Table 4.2.2.2-1 
 
4.2.2.3 US – ELM: Global, Local and Global, Distortional Buckling, using only the net 
cross section 
 The results for US-DAM: global, local+global, distortional buckling, using only the net 
cross section  are: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.5 131 
 [kNm] 
0.1 0.246 
 [kNm] 
0.2 0.3 
Pne [kN] 99.329 141.685 
Pnl [kN] 76.554 141.685 
Pnd [kN] 95.292 166.698 
Pa [kN] 76.554 141.685 
Mnex [kNm] 4.322 5.817 
Mnlx [kNm] 3.757 5.817 
Mndx [kNm] 3.288 5.48 
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Max [kNm] 3.288 5.48 
Mney [kNm] 3.64 5.008 
Mnly [kNm] 2.321 4.516 
Mndy [kNm] 2.631 4.47 
May [kNm] 2.321 4.47 
 
111.7% 92.5% 
 
3% 4.5% 
 
8.6% 6.7% 
 
123.3% 103.7% 
Table 4.2.3.1-1 
4.2.2.4 US – ELM: Global, Local and Global  Buckling 
The results for US-DAM: global, local+global buckling are:   
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.5 131 
 [kNm] 
0.1 0.246 
 [kNm] 
0.2 0.3 
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Pne [kN] 111.551 163.154 
Pnl [kN] 87.823 163.154 
Pa [kN] 87.823 163.154 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.013 5.817 
Max [kNm] 4.013 5.817 
Mney [kNm] 3.628 4.959 
Mnly [kNm] 2.316 4.485 
May [kNm] 2.316 4.485 
 
97.4% 80.3% 
 
2.5% 4.2% 
 
8.6% 6.7% 
 
108.5% 91.2% 
Table 4.2.4.1-1 
 
4.2.2.5 US – ELM: Global, Local and Global, Distortional Buckling for the section 
without perforations 
 The results for US-DAM: global, local+global, distortional buckling for the gross 
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cross section are: 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
 [kN] 
85.5 131 
 [kNm] 
0.1 0.238 
 [kNm] 
0.2 0.3 
Pne [kN] 124.9 179.653 
Pnl [kN] 119.964 179.653 
Pnd [kN] 132.255 226.49 
Pa [kN] 119.964 179.653 
Mnex [kNm] 5.142 6.7 
Mnlx [kNm] 4.637 6.7 
Mndx [kNm] 4.244 4.425 
Max [kNm] 4.244 4.425 
Mney [kNm] 3.686 4.969 
Mnly [kNm] 3.686 4.969 
Mndy [kNm] 2.999 4.969 
May [kNm] 2.999 4.969 
 
71.3% 72.9% 
 
2.4% 5.4% 
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6.7% 6% 
`  
80.3% 84.3% 
Table 4.2.5.1-1 
 
 
 
4.2.1.6 US – ELM: Comparisons and conclusions 
 
 Column 2.99x3x0.07in Column 2.99x3x0.105in 
1. Global, local+global, 
distortional buckling 
108.9% 91.8% 
2. Global, local+global, 
distortional+global 
buckling 
118.6% 102.3% 
3. Global, local+global, 
distortional buckling, 
using the minimum net 
cross section  
123.3% 103.7% 
4. Global, local+global buckling 108.5% 91.2% 
5. Global, local+global, 
distortional buckling, for 
gross cross section 
80.3% 84.3% 
Table 4.2.2.6-1 
 The results are very similar to those presented in section 4.2.1.8. Consequently, it 
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can be concluded that for the upright frames tested for the US-DAM and US-ELM produce 
the same results. Conclusions concerning the performance of each method are similar to 
those those of section 4.2.1.8. 
 
4.2.3 US – Simplified Effective Length Method 
This method was developed in accordance with AISI S-100 [5], subchapter E, 
requirements for members in compression. For this procedure, the effect of local buckling is 
introduced following the recommendations of T. Pekoz [13], using two different formulas, 
one proposed by RMI and one proposed by A. Sarawit. For each case, another variation of 
chapter E is done, including in the verification the interaction of distortional and global 
buckling. As opposed to the other American methods, US-SELM doesn’t follow the 
procedures in chapter F of AISI S-100, for bending.  
The buckling lengths are calculated according to the method proposed by T. Pekoz 
in a report to RMI [13]. 
 
4.2.3.1 US – SELM: Q RMI  
 This method uses Q recommended by RMI in determining the local buckling load. 
The results for US-SELM, for section with perforations are, using Q RMI: 
 Column 2.99x3x0.07in Column 
2.99x3x0.105in 
 [kN] 
83.54 127.4 
Pne [kN] 99.329 141.685 
Pnl – Q RMI [kN] 87.623 141.685 
N
o
 d
is
to
rt
io
n
a
l 
b
u
c
k
li
n
g
 
min(Pne, Pnl) 87.636 141.685 
 
95.3% 89.91% 
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D
is
to
rt
io
n
a
l 
b
u
c
k
li
n
g
 Pnd [kN]  95.292 166.698 
min(Pne, Pnl, Pnd) 87.623 141.685 
 
95.3% 89.91% 
D
is
to
rt
io
n
a
l 
+
 G
lo
b
a
l 
b
u
c
k
li
n
g
 
Pnd [kN] 
(distortional+global) 
74.532 130.368 
min(Pne, Pnl, Pnd) 74.532 130.368 
 
112.1% 97.7% 
Table 4.2.3.1-1 
 Distortional buckling is not the cause of failure, only the interaction between 
distortional and global buckling will influence the results. 
 
 
4.2.3.2 US – SELM: Q Sarawit 
This method uses Q recommended by Sarawit in determining the local buckling 
load. 
The results for US-SELM, for section with perforations are, using Q Sarawit: 
 Column 2.99x3x0.07in Column 
2.99x3x0.105in 
 [kN] 
83.54 127.4 
Pne [kN] 99.329 141.685 
Pnl – Q RMI [kN] 76.554 141.685 
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N
o
 d
is
to
rt
io
n
a
l 
b
u
c
k
li
n
g
 
min(Pne, Pnl) 76.554 141.685 
 
109.1% 89.91% 
D
is
to
rt
io
n
a
l 
b
u
c
k
li
n
g
 Pnd [kN]  95.292 166.698 
min(Pne, Pnl, Pnd) 76.554 141.685 
 
109.1% 89.1% 
D
is
to
rt
io
n
a
l 
+
 G
lo
b
a
l 
b
u
c
k
li
n
g
 
Pnd [kN] 
(distortional+global) 
74.532 130.368 
min(Pne, Pnl, Pnd) 74.532 130.368 
 
112.1% 97.7% 
Table 4.2.3.2-1 
 Distortional buckling doesn’t have an influence on the results, but the first too cases 
are unconservative for the thick column, so the 3
rd
 approach is mode reasonable. 
4.2.3.3 US – SELM: Comparisons and conclusions 
 Column 2.99x3x0.07in Column 
2.99x3x0.105in 
Q
 R
M
I 
No distortional buckling 95.3% 89.91% 
Distortional Buckling 95.3% 89.91% 
Distortional + Global 
Buckling 
112.1% 97.7% 
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Q
 S
a
ra
w
it
 No distortional buckling 109.1% 89.1% 
Distortional Buckling 109.1% 89.1% 
Distortional + Global 
Buckling 
112.1% 97.7% 
Table 4.2.3.3-1 
The results obtained using Q  Sarawit are similar with the ones obtained using Q RMI, 
even though both methods give reasonable results. When applying distortional and global 
buckling, the results are the same, because the critical load for the interaction between 
distortional and global buckling is smaller than local buckling. 
 
4.2.4 Comparisons within North-American methods 
 
  Column 2.99x3x0.07in Column 2.99x3x0.105in 
U
S
 –
 D
A
M
 1. Global, local+global, distortional 109% 89.1% 
2. Global, local+global, 
distortional+global 
118.8% 99.7% 
5. Global, local+global 108.6% 88.8% 
U
S
 -
 E
L
M
 
1. Global, local+global, distortional 108.9% 91.8% 
2. Global, local+global, 
distortional+global 
118.6% 102.3% 
4. Global, local+global 108.5% 91.2% 
U
S
 -
 S
E
L
M
 Q RMI 
 
No DB 95.3% 89.91% 
DB 95.3% 89.91% 
DB + GB 112.1% 97.7% 
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Q Sarawit No DB 109.1% 89.1% 
DB 109.1% 89.1% 
DB + GB 112.1% 97.7% 
Table 4.2.4-1 
 This table includes the most acceptable results from each method. US-DAM and 
US-ELM have similar results. US-SELM is a simplified version of US-ELM, containing only 
the axial loads in the verification formula. As seen in this table, the difference between the 
two methods is small (6-12% for the thin column, 3-6% for the thick column). Hence the 
influence of the bending moments is not significant, and US-SELM could be easily applied, 
covering all safety measures. 
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5. BUGDET   
The budget is included under two headings: labor and material used. 
 Labor 
  
Staff Worked days Hours/day Total hours €/hour Cost [€] 
Project manager 80 1 80 100.00 8000.00 
Student 80 6 480 10.00 4800.00 
Subtotal     12800 € 
 
 Materials used 
 
Concept Life expectancy 
[ years] 
Cost [€] Amortized cost [€] 
Hardware Computer 5 1000.00 200.00 
Software Consteel 10.0 1 3000.00 3000.00 
Ansys 2 6000.00 3000.00 
Mathcad Prime  1 460.00 460.00 
Autocad  1 2420.00 2420.00 
Microsoft Office 5 600.00 120.00 
Expendables Office materials 1 200.00 200.00 
Energy 1 100.00 100.00 
Subtotal    9500.00 € 
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 TOTAL 
Concept Cost [€] 
Labor 12800.00 
Materials used 9500.00 
Subtotal 22300.00 
V.A.T. (21%) 4683.00 
TOTAL 26983.00 € 
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6. ENVIRONMENTAL IMPACT  
 The scope of the thesis is to help find an easier and more accurate way of designing 
pallet racks. This will help increase efficiency, but also safety. Ensuring stability and 
resistance of structures is fundamental.  
 This project also allows decreasing the number of experimental tests, reducing the 
waste of energy and materials due to experiments, taking into account that steel 
manufacturing is not an environmental friendly industry. 
 The environmental impact on the project is due to: 
- Power and office supplies consumption 
- Energy and materials used during the experimental tests 
 The costs of elaborating this thesis is insignificant comparative with the savings it will 
create in the rack manufacturing industry: reduced number of experimental tests and 
elements that can reach their full potential without material waste. 
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7. CONCLUSION                    
 The scope of this thesis is to test and develop an easy and efficient way of designing 
pallet rack upright frames subject to compression. Different methods were tested, according 
to the European and North- American standards, having an experimental test as a 
background. The manufacturer can choose the best option for his design. 
 Different softwares have been used for modeling, analyzing and determining the 
properties of the frames. As it can be observed in the project, the results are similar with the 
experimental ones.  
Although Consteel is not yet entirely prepared to work with thin-walled elements and 
its library is limited, it can be used in the design of pallet racks. In the project, the results 
from the 1
st
 and 2
nd
 order analysis, buckling analysis, buckling eigenvalues were taken from 
Consteel, using them in the hand calculations. Besides efficiency, it’s user-friendly and a 
good option for a rack designer. 
  As for Ansys-Mechanical APDL, its accuracy is high, but is more useful for 
reasearch rather than design. Working with macros is a very good option for Ansys, 
because they can easily be modified. On the other hand, creating macros for an entire 
structure is quite difficult. For this project, Ansys was used for creating the distortional 
buckling signature curves, with macros containing just one column. 
During this project six procedures have been tested, three according to the 
European standard and three accoring to the American ones. All methods contain 
alterations, and comparisons have been made, to observe the cause of failure in the tested 
rack frames, and see how different types of buckling modes affect the structure. 
 In the European procedures, the best options were EU-RAM and EU-GEM with 
imperfections. Both methods give accurate results. Although, calculating the distortional 
buckling according to Eurocode is difficult and expensive, so a good option is to determin it 
according to the US procedures. The General Method can be applied without tacking into 
account the effects of distortional buckling, since the results are good. Most results used in 
The General Method were taken from Consteel, using the cross section properties from the 
experiment. It is the most efficient european method. 
 Studying the American procedures, it was seen that the results are similar even 
though the US-DAM, US-ELM or US-SELM was used. Whether using the US-DAM or US-
ELM depends on the designer. As it was observed, bending is not significant, so US-SELM 
cane be easily used, as it is an easier and faster approach. 
Pág. 106  Master Thesis 
 
Regardless which method or software is chosen by the designer, this project 
facilitates his working, having an experimental test as a base and six approaches, each 
containing at least three alterations.  
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